1 UF-270 
DESCRIPTION 

METHOD AND APPARATUS FOR MONITORING INTRAVENOUS (IV) DRUG 
CONCENTRATION USING EXHALED BREATH 

Field of Invention 

[0001] The present invention relates to non-invasive monitoring substance/compound concentrations 
in blood, and, more particularly, to a method and apparatus for the detection of such levels utilizing a 
breath detection system. 

Background Information 
[0002] Anesthesia is extremely safe. Anesthesiologists use sophisticated technology to monitor the 
vital signs of and to provide respiratory and cardiovascular support for patients undergoing surgical 
procedures. Historically, most anesthetics were performed using inhaled agents. The depth of 
anesthesia induced by an inhalational anesthetic depends primarily on the partial pressure (or gas 
tension) of the anesthetic in the brain, and the rate of induction and recovery from anesthesia depends 
on the rate of change of partial pressure in the brain. The depth of anesthesia reflects the degree of 
blockade of sensory, reflex, mental, and motor fimctions, which can be achieved by using either 
inhalational or intravenous (IV) anesthetics, or combination of both agents. With inhalation agents, 
the concentration of drug delivered can be precisely metered and the variation between patients in the 
depth of anesthesia resulting from known concentrations of inhaled agents is relatively narrow, 
permitting the anesthesiologist to confidently assume a particular level of anesthesia based on the 
concentration of anesthetic gas delivered. Occasionally, this is not the case, and patients have recall 
of events that occurred during the surgical procedure. Recall is usually not a significant issue, 
however, in instances where a muscle relaxant is also given, rendering the patient paralyzed, an 
inadequate depth of anesthesia may result in the patient perceiving pain and being unable to alert the 
anesthesiologist. Also, the patient may remember conversation or other unpleasant events during his 
surgery. This rare, but dramatic event can be psychologically devastating to a patient. Because of 
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these events, and the desire to more closely titrate the depth of anesthesia, a number of devices have 
been developed that purport to monitor a patient's depth of anesthesia by processing electrical 
signals produced by the brain. Studies have shown these technologies tend to be imprecise, and 
anesthetic agent specific. A more specific method of determining depth of anesthesia, or 
alternatively the blood concentration of anesthetic agents is desirable. Recently other methods of 
providing anesthesia, including IV anesthesia, have been popularized, and offer advantages over 
inhalation anesthetics. 

[0003] Among the newer anesthetic techniques is total IV anesthesia (TIVA) which uses IV agents in 
place of the conventional vaporized inhalants. Unlike inhaled anesthetics, IV anesthetics produced a 
wider range of anesthesia for a specific drug dosage (less predictable), owing at least in part to 
interactions with other drugs, competition for binding sites in the blood and other body tissues, and 
O genetic variation in the enzymes responsible for drug metabolism. At present, a major impediment 
In to the wider use of IV anesthetics, rather than inhaled anesthetics, has been the inability to precisely 
:J determine the quantity of drug required to provide a sufficient "depth of anesthesia" without 
accumulating an excessive amount. 

[0004] Propofol, for example, is an agent that is widely used as a short acting IV anesthetic. Its 
physiochemical properties are hydrophobic and volatile. It is usually administered as a constant IV 
f U infusion in order to deliver and maintain a specific plasma concentration. Although the metabolism 
fZ is mainly hepatic and rapid, there is significant interpatient variability in the plasma concentration 
^ '^-^ achieved with a known dose. However, the depth of anesthesia for a known plasma concentration is 
far less variable and it is therefore highly desirable to be able to evaluate plasma concentrations in 
real time to accurately maintain anesthetic efficacy. ["A Simple Method for Detecting Plasma 
Propofol," Akihiko Fujita, MD, et al., Feb. 25, 2000, Intemational Anesthesia Research Society]. 
The authors describe a means to measure plasma rather than total propofol using headspace -GC 
with sohd phase microextraction. This is preferable since plasma (free) propofol is responsible for 
the anesthetic effect. Prior methods of monitoring propofol concentration in blood include high- 
performance liquid chromatography (HPLC) and gas chromatography (GC). It has been reported that 
97% - 99% of propofol is bound with albumin and red blood cells after IV injection, and the 
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remainder exists in blood as a jfree type. HPLC and GC detect the total propofol concentration, 
which does not correlate as well with the anesthetic effect as the plasma propofol level. . 
[0005] Propofol may also be monitored in urine. Metabolic processes control the clearance of 
propofol from the body, with the liver being the principal eliminating organ. ["First-pass Uptake and 
Pulmonary Clearance of Propofol," Jette Kuipers, et al., Anesthesiology, V91, No.6, Dec. 1999]. Li a 
study, 88% of the dose of propofol was recovered in urine as hydroxylated and conjugated 
metabolites. 

[0006] The aim of any dosage regimen in anesthesia is to titrate the deUvery rate of a drug to achieve 
the desired pharmacolgic effect for any individual patient while minimizing the unwanted toxic side 
effects. Certain drugs such as propofol, afentanil and remifentanil have a close relationship between 
blood concentration and effect; thus, the administration of the drug can be improved by basing the 
dosage regimen on the pharmacokinetics of the agent. [Kenny, Gavin, Target-Controlled Infusions - 
Pharmacokinetics and Pharmodynamic Variations, 

http://www.anaesthesiologie.med.unierlangen.de/esctaic97/a_Kenny.htm]. Target controlled 
infusion (TCI) is one means for administering an intravenous anesthesia agent using a computer to 
control the infusion pump. Using a computer with a pharmacokinetic program permits control of a 
desired plasma concentration of an agent, such as propofol. The systems do not sample the blood in 
real-time, but use previously acquired population kinetics to provide a best estimate of the predicted 
blood concentration. However, even if TCI systems produced the exact target concentrations of 
blood concentration, it would not be possible to know if that concentration was satisfactory for each 
individual patient and for different points during the surgical procedure. 

[0007] Among the technologies used to process and monitor electrical brain signal is BIS (Bispectral 
Index Monitor) monitoring of the EEG. It is an indirect monitor of depth of anesthesia. The BIS 
monitor translates EEG waves from the brain into a single number - depicting the depth of 
anesthesia on a scale from 1 to 100. In addition, neural networks have been used to classify sedation 
concentration from the power spectrum of the EEG signal. However, this technology is costly and 
not entirely predictive. 
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[0008] Artificial neural networks have also been developed which use the patient's age, weight, 
heart rate, respiratory rate, and blood pressure to predict depth of anesthesia. The networks integrate 
physiological signals and extract meaningful information. Certain systems use mid-latency auditory 
evoked potentials (MLAEP) which are wavelet transformed and fed into an artificial neural network 
for classification in determining the anesthesia depth. [Depth of Anesthesia Estimating & Propofol 
Delivery System, by Johnnie W. Huang, et al., August 1, 1996, 
http://www.rpi.edu/'-royr/roy_descpt.html]. 

[0009] An apparatus and method for total intravenous anesthesia delivery is also disclosed in U.S. 
Patent No. 6, 1 86,977 to Andrews. This patent describes a method in which the patient is monitored 
using at least one of electrocardiogram (EKG), a blood oxygen monitor, a blood carbon dioxide 
monitor, inspiration/expiration oxygen, inspiration/expiration carbon dioxide, a blood pressure 
monitor, a pulse rate monitor, a respiration rate monitor, and a patient temperature monitor. 
[0010] Accordingly, there is a need in the art for a more predictive method and apparatus for the 
non-invasive detection of drug concentration in blood, especially anesthetic agents. 

Brief Summary of the Invention 
[0011] The present invention solves the needs in the art by providing a method and apparatus for 
non-invasive monitoring of substance/compound concentration in blood, and, more particularly, to a 
method and apparatus for the detection, quantitation and trending of IV delivered drug concentration 
utilizing a breath detection system. The method includes the steps of receiving exhaled breath of a 
subject and measuring the concentration of one or more components in the exhaled breath. These 
measured components can then be used to monitor depth of anesthesia, for example. 
[0012] A variety of systems have been developed to collect and monitor exhaled breath components, 
particularly gases. For example, U.S. Pat. No. 6,0 1 0,459 to Silkoff describes a method and apparatus 
for the measurement of components of exhaled breath in humans. Various other apparatus for 
collecting and analyzing expired breath include the breath sampler of Glaser et al, U.S. Pat. No. 
5,081,871; the apparatus of Kenny et al, U.S. Pat. No. 5,042,501; the apparatus for measuring 
expired breath of infants of Osborn, U.S. Pat. No. 4,202,352; the blood alcohol concentration 
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measuring from respiratory air method of Ekstrom, U.S. Patent No. 5,97 1 ,937, and the instrument for 
parallel analysis of metabolites in human urine and expired air of Mitsui et al, U.S. Pat. No. 
4,734,777. Pulmonary diagnostic systems including computerized data analysis components also are 
known, e.g., Snow et al, U.S Pat No. 4,796,639. 

[0013] One particular application of the present invention is for predicting the depth of anesthesia 
utilizing a breath detection system. It has been shown that there is a good correlation between blood 
concentration of anesthetic agents (e.g., propofol) and depth of anesthesia. 
[0014] Since there is no direct on-line method to continuously monitor blood concentration of 

agents, in that the blood and exhaled concentration are relatively proportional, the method of the 
present invention will provide a more predictive method to monitor depth of anesthesia by 
monitoring breath rather than blood. 

[0015] The method of the present invention may also be used to monitor perflubron concentration. 
Emulsified perflubron is one of a class of compounds used to deliver oxygen in anemic patients as a 
substitute for hemoglobin. 

[0016] The invention apparatus provides a device for measuring components of exhaled breath of a 
subject in the methods described above. This device includes sensor technology; such as the 
commercial devices referred to as "artificial noses" or "electronic noses" to non-invasively monitor 
such concentration. Other sensors may include any of those well known in the art such as metal- 
insulator-metal ensemble (MIME) sensors, cross-reactive optical microsensor arrays, and fluorescent 
polymer films, and surface enhanced raman spectroscopy (SERS). The invention further includes a 
reporting system capable of tracking concentration (remote or proximate) and providing the 
necessary outputs, controls, and alerts. 

[0017] In one example, a breath detector of the present invention would be used during delivery of 
total intravenous anesthesia (TIV A) to monitor drug concentration of intravenous anesthetics such 
as propofol by measuring propofol concentration in exhaled breath. Moreover, sensing antibiotics 
with the exhaled breath detection method of the present invention, would allow for use of the method 
as a surrogate for blood antibiotic concentration. This would also be true for a wide range of 
medications for which blood concentration would be valuable. Exhaled breath detection using the 
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method of the present invention may also evaluate pharaiacodynamics and phamiacokinetics for both 
drug studies and in individual patients. Moreover, it may be used to sense endogenous compounds 
such as glucose, ketones and electrolytes which are normally found in blood. 
[0018] Therefore, it is an object of the present invention to non-invasively monitor substance 
concentration by methods including, but not limited to, sensor technology (e.g., silicon chip 
technology). A resulting advantage is the ability to monitor such concentration in a more cost 
effective and frequent manner. This method may replace the invasive practice of drawing blood to 
measure concentration. Moreover, measurement of medications (and other substances) in exhaled 
breath may prove to be a major advance in monitoring a variety of drugs, compounds, naturally 
occurring metabolites, and molecules. 

[0019] The invention will now be described, by way of example and not by way of limitation, with 
C3 reference to the accompanying sheets of drawings and other objects, features and advantages of the 
m invention will be apparent from this detailed disclosure and from the appended claims. All patents, 

SSI 

patent applications, provisional applications, and publications referred to or cited herein, or from 
U which a claim for benefit of priority has been made, are incorporated by reference in their entirety to 
J the extent they are not inconsistent wiih the explicit teachings of this specification. 

s""": 

fU Brief Description of the Dravyings 

q [0020] Figure 1 shows a gas sensor chip that may be utiUzed as a sensor for the present invention. 
[0021] Figure 2 shows the FT-IR signal for propofol. 

[0022] Figure 3 shows a capnogram of a single respiratory cycle and a capnogram of several breaths 
from a patient with obstructive lung disease. 

[0023] Figure 4 shows the characteristic "double hump" signature of propofol from a four (4) sensor 
polymer coated SAW array. 

Detailed Description of the Invention 
[0024] The present invention provides a method and apparatus for non-invasive monitoring 
substance/compound concentration in blood by utilizing a breath detection system. 
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[0025] One embodiment of the present invention is a method for detecting the depth of anesthesia 
utilizing the breath detection system of the present invention. 

[0026] During intravenous anesthesia, anesthetic agents are administered directly into a patient's 
bloodstream. The administered drug may bind to proteins circulating in the blood, be absorbed into 
fat or exist in a "free" form. Drug bound to protein or absorbed in fat does not produce a 
pharmacological effect and exists in equilibrium with xmbound drug. Numerous factors, including 
competition for binding sites on the protein from other drugs, the amount of fat in the body and the 
amount of protein produced, determine the equilibrium between bound and unbound drug. Unbound 
drug may participate directly in the pharmacological effect or be metabolized into a drug that 
produces the effect. MetaboUsm of the active drug often leads to its removal from the bloodstream 
and termination of its effect. The drug effect can also be terminated by the excretion of the free drug. 
u Free drug or a metabolite can be excreted in the urine or the digestive tract or in exhaled breath. The 
concentration in the blood (or plasma or serum) of such agents (e.g., propofol, alfentanil and 

=H remifentanil) is related to the clinical effect of the agent. Figure 2 represents the FT-IR signal for 

ffi 

propofol (2,6-diisopropylphenol). It has been specifically shown that there is a good correlation 
^ between blood concentration of anesthetic agents (e.g., propofol) and depth of anesthesia. Therefore, 
^ testing blood concentration is a good indicator of the effect of the agent (depth of anesthesia), 
f y Unfortunately, testing blood directly is invasive and time consuming. When a drug or its metabolite 
J;2 is excreted in the breath, the concentration in expired breath is proportional to the free drug or 
metabolite concentration in the blood and, thus, indicative of depth of anesthesia and/or the rate of 
drug metabolism. The metabolite measured in exhaled breath may be the active metabolite or a 
breakdown product of the active drug. As long as there is equilibrium between the active drug and 
an inactive metabolite excreted in the breath, the activity of the active drug will be known. The 
method of the present invention takes into accoimt such proportional concentrations and allows for 
the determination of depth of anesthesia and/or the rate of metabolism of the drug by measuring 
concentration of unbound substances, agents and/or active metabolites in a patient's breath. The 
proper dosing regimen can thus be determined therefrom. 
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[0027] Generally, the exhalation gas stream comprises sequences or stages. At the beginning of 
exhalation there is an initial stage, the gas representative thereof coming from an anatomically 
inactive (deadspace) part of the respiratory system, in other v^ords, from the mouth and upper 
respiratory tracts. This is followed by a plateau stage. Early in the plateau stage, the gas is a mixture 
of deadspace and metabolically active gases. The last portion of the exhaled breath comprises 
nothing but deep lung, so-called alveolar gas. This gas, which comes from the alveoli, is termed 
end-tidal gas. hi one embodiment, the exhaled breath sample is collected at end-tidal breathing. 
Technology similar to that used for end-tidal carbon dioxide monitoring can be used to determine 
when the sample is collected. Airway pressure measurements afford another means of collecting 
samples at the appropriate phase of the respiratory cycle. Single or multiple samples collected by the 
side stream method are preferable, but if sensor acquisition time is reduced, in-line sampling may be 
l;3 used. Li the former, samples are collected through an adapter at the proximal end of the endotracheal 
i fi tube and drawn through thin bore tubing to the sensor chamber. Depending on the sample size and 
:f^; detector response time, gas may be collected on successive cycles. With in-line sampling, the sensor 
U is placed proximal to the ET tube directly in the gas stream. Alternatively to sampling end-tidal gas, 
r' samples can be taken throughout the exhalation phase of respiration and average value determined 
H and correlated with blood concentration. 

=!SKf 

f U [0028] Referring now to Figure 3, the upper frame demonstrates a capnogram of a single respiratory 
fi cycle. For accxirate blood level correlation, samples are taken at the point labeled "end-tidal PCO2" 
which reflects the CO2 concentration in the lung. The lower frame shows a capnogram of several 
breaths from a patient with obstructive lung disease. Again the end-tidal sample correlated best with 
blood concentration. 

[0029] Referring now to Figure 4, the characteristic "double hump" signature of propofol from a four 
(4) sensor polymer coated SAW array is shown. In this example, 1 cc of propofol was placed in a 
"headspace" gas chromatography vial. A 19-gauge hypodermic needle attached to a VaporLab™ gas 
detector containing the sensor array was inserted into the vial, which was heated to 37°C, and the 
"signature" was recorded. The VaporLab^^ brand instrument is a hand-held, battery powered SAW 
based chemical vapor identification instrument suitable for detecting vapors in accordance with the 
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present invention. This instrument is sensitive to volatile and semi-volatile compounds having a 
high-stability SAW sensor array that provides orthogonal vapor responses for greater accuracy and 
discrimination. The device communicates with computers to provide enhanced pattem analysis and 
report generation. The device can be easily "trained" to remember chemical vapor signature pattems 
for fast, "on-the-fly" analysis. 

[0030] In another embodiment, samples are collected at the distal end of the endotracheal tube (ETT) 
through a tube with a separate sampling port. This may improve sampling by allowing a larger 
sample during each respiratory cycle. 

[0031] The concentration of an anesthetic agent in the body is regulated both by the amount of the 
agent administered over a given time period and the rate at which the agent is eliminated from the 
body (metabolism). The present invention provides the steps of administering an agent to the subject 
PI and analyzing exhaled breath of the subject for concentration of unbound substances, active 
f J metabolites, or inactive metabolites after a suitable time period; the concentration indicates a 
rp characteristic of metabolism of the agent in the subj ect. The method may fiirther include using a flow 
JLi^ sensor to detect starting and completion of exhalation. The method further includes providing results 
from the analysis and controlling the infiision pump for delivering the intravenous anesthesia agent 
B based on the residts. Moreover, a CPU may be provided as a data processing/control imit for 
f automatically detecting the signal from the flow sensor to control sampling of exhaled breath. The 
'j;' CPU may fiirther provide the analysis and control of the inftision pump or other administering 
III means. 

[0032] Methods for administering the agent are readily vinderstood by those skilled in the art. For 
example, an infiision pump may be used. Compounds may be also administered parenterally, 
sublingually, transdermally, by i.v. bolus, and by continuous infiision. A number of suitable agents 
are available for administration as also known by those skilled in the art (Remifentanil — Glaxo 
Wellcome, Propofol - Zeneca). Agents may also be those of amnesia, analgesia, muscle relaxation, 
and sedation agents or a combination thereof Agents may be administered in an amount for 
analgesia, conscious sedation, or unconsciousness as known in the art. Patient characteristics may 
also be monitored during administration of the agent. 
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[0033] Concentration in the blood as measured by the breath analysis of the present invention for 
free agents or metabolites may indicate when the patient is receiving an anesthetic concentration (a 
high dose), an analgesic concentration (a low dose), or emerging from anesthesia as a result of a 
level that allows for full recovery. Even if there is wide variation in the metabolism or response to 
an anesthetic agent, knowledge of the exhaled breath concentration allows the anesthesiologist to 
know if the drug is accumulating in the blood, possibly leading to a dangerously deep level of 
anesthesia and/or a prolonged recovery time: or, the concentration is falling, possibly leading to 
inadequate anesthesia and premature emergence. Monitoring changes in concentration are, therefore, 
useful. 

[0034] In another embodiment, the exhalation air is measured for free agent and/or metabolite 
concentration either continuously or periodically. From the exhalation air is extracted at least one 
measured free agent or metabolite concentration value. Numerous types of apparatus may be used to 
carry out the method of the present invention. In one embodiment, the apparatus includes a 
conventional flow channel through which exhalation air flows. The flow channel is provided with 
sensor elements for measuring free agent or metabolite concentration. Furthermore, the apparatus 
includes necessary output elements for delivering at least a measured concentration result to the 
operator, if necessary. An alarm mechanism may also be provided. An instrument of similar type is 
shown in Figures 1 and 2 of U.S. Patent No. 5,971,937 incorporated herein by reference. 
[0035] In one embodiment, once the level of concentration is measured, it is given numerical value 
(for example, 50 on a scale of 1 to 100). Should the concentration fall below that value, the new 
value would be indicative of a decrease in concentration. Should the concentration increase beyond 
that value, the new value would be indicative of an increase in concentration. This numerical scale 
would allow for easier monitoring of changes in concentration. The numerical scale would also 
allow for easier translation into control signals for alarms, outputs, charting, and control of extemal 
devices (e.g., infusion pump). The upper and lower limits could be set to indicate thresholds such as 
from no anesthetic effect to dangerous anesthetic levels. 

[0036] The invention preferably utilizes gas sensor technology, such as the commercial devices 
referred to as "artificial noses" or "electronic noses," to non-invasively monitor concentration 
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(Figure 1). Electronic noses have been used mostly in the food, wine and perfume industry where 
their sensitivity makes it possible to distinguish between grapefruit oil and orange oil and identify 
spoilage in perishable foods before the odor is evident to the human nose. There has been little 
medical-based research and application; however, recent examples demonstrate the power of this 
non-invasive technique. Electronic noses have determined the presence of bacterial infection in the 
Ixmgs simply by analyzing the exhaled gases of patients for odors specific to particular bacteria 
[Hanson CW, Steinberger HA: The use of a novel electronic nose to diagnose the presence of 
intrapulmonary infection. Anesthesiology, V87, No. 3 A, Abstract A269, Sep. 1997]. Also a 
genitourinary clinic has utilized an electronic nose to screen for, and detect bacterial vaginosis, with 
a 94% success rate after training [Chandiok S, et aL: Screening for bacterial vaginosis: a novel 
application of artificial nose technology. Journal of Clinical Pathology, 50(9):790-l, 1997]. Specific 
Q bacterial species can also be identified with the electronic nose based on special odors produced by 
fii the organisms [Parry AD et aL: Leg ulcer odor detection identifies beta-haemolytic streptococcal 
4 infection. Joumal of Wound Care, 4:404-406, 1 995]. 

in 

y, [0037] A nixmber of patents which describe gas sensor technology include the following: 
^ US5945069 to Buckler, entitled "Gas sensor test chip;" US5918257 to Mifsud et al., entitled 
Q "Method and devices for the detection of odorous substances and applications"; US4938928 to Koda 
et al., entitled "Gas sensor"; US4992244 to Grate, entitled "Films of dithiolene complexes in 
gas-detecting microsensors"; US5034192 to Wrighton et al., entitled "Molecule-based 
microelectronic devices"; US5071770 to Kolesar, Jr., entitled "Method for gaseous component 
identification with #3 polymeric film;" US5 145645 to Zakin et al., entitled "Conductive polymer 
selective species sensor;" US5252292 to Hirata et al., entitled "Ammonia sensor;" US5605612 to 
Park et al., entitled "Gas sensor and manufacturing method of the same;" US5756879 to Yamagishi 
et al, entitled "Volatile organic compound sensors;" US5783 1 54 to Althainz et al, entitled "Sensor 
for reducing or oxidizing gases;" and US5830412 to Kimura et al, entitled "Sensor device, and 
disaster prevention system and electronic equipment each having sensor device incorporated 
therein," all of which are incorporated herein by reference in their entirety. Other sensors suitable for 
the present invention include, but are not limited to, metal-insulator-metal ensemble (MIME) 
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sensors, cross-reactive optical microsensor arrays, and fluorescent polymer films, surface enhanced 
raman spectroscopy (SERS), diode lasers, selected ion flow tubes, proton transfer reaction mass 
spectrometry, metal oxide sensors (MOS), non-dispersive infrared spectrometer, bulk acoustic wave 
sensors, colorimetric tubes, infrared spectroscopy (Figure 2 represents the FT-IR signal for propofol 
(2,6-diisopropylphenol)). 

[0038] Recent developments in the field of detection include, but are not limited to, semiconductive 
gas sensors, mass spectrometers, IR or UV or visible or fluorescence spectrophotometers. The 
substances change the electrical properties of the semiconductors by making their electrical 
resistance vary, and the measurement of these variations allows one to determine the concentration of 
substances. These methods and apparatus used for detecting substances use a relatively brief 
detection time, of around a few seconds. Other recent gas sensor technologies contemplated by the 
present invention include apparatus having conductive-polymer gas-sensors ("polymeric") and 
apparatus having surface-acoustic-wave (SAW) gas-sensors. 

[0039] The conductive-polymer gas-sensors (also referred to as "chemoresistors") have a film made 
of a conductive polymer sensitive to the molecules of odorous substances. On contact with the 
molecules, the electric resistance of the sensors changes and the measurement of the variation of this 
resistance enables the concentration of the odorous substances to be determined. An advantage of 
this type of sensor is that it functions at temperatures close to room temperature. One can also obtain, 
according to the chosen conductive polymer, different sensitivities for detecting different substances. 
[0040] Polymeric gas sensors can be built into an array of sensors, where each sensor is designed to 
respond differently to different gases and augment the selectivity of the substances. 
[0041] The surface-acoustic-wave (SAW) gas-sensors generally include a substrate with 
piezoelectric characteristics covered by a polymer coating that is able to selectively absorb the 
substances. The variation of the resulting mass leads to a variation of its resonant firequency. This 
type of sensor allows for very good mass- volume measures of the substances. In the SAW device, the 
substrate is used to propagate a surface acoustic wave between sets of interdigitated electrodes. The 
chemoselective material is coated on the surface of the transducer. When a chemical analyte 
interacts with a chemoselective material coated on the substrate, the interaction results in a change in 
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the SAW properties such as the amplitude of velocity of the propagated wave. The detectable 
changes in the characteristics of the wave indicate the presence of the chemical analyte. SAW 
devices are described in numerous patents andpublications, including U.S. PatentNo. 4,312,228 to 
Wohltjen and U.S. PatentNo. 4,895,017 to Pyke, and Groves WA, et al: Analyzing organic vapors in 
exhaled breath using surface acoustic wave sensor array with preconcentration: Selection and 
characterization of the preconcentrator ddsorhQn% Analytica ChimicaActa 371 (1988) 131-143, all of 
which are incorporated herein by reference. Other types of chemical sensors known in the art that use 
chemoselective coatings applicable to the operation of the present invention include bulk acoustic 
wave (B AW) devices, plate acoustic wave devices, interdigitated microelectrode (IME) devices, and 
optical waveguide (OW) devices, electrochemical sensors, optical sensors, and electrically 
conducting sensors. 

tl! [0042] Most current technologies for creating large area films of polymers and biomaterials involve 
the spinning, spraying, or dipping of a substrate into a solution of the macromolecule and a volatile 

in 

^ solvent. These methods coat the entire substrate. There are also techniques such as microcontact 
printing and hydrogel stamping that enable small areas of biomolecular and polymer monolayers to 
be pattemed. Other techniques, such as pulsed laser deposition (PLD), may be used. By this 

B method, a target comprising the stoichiometric chemical composition of the material to be used for 
the coating is ablated by means of a pulsed laser, forming a plume of ablated material that becomes 

[y deposited on the substrate. 

f y [0043] Polymer thin films, using a new laser based technique developed by researchers at the Naval 
Research Laboratory called Matrix Assisted Pulsed Laser Evaporation (MAPLE), have recently been 
shown to increase sensitivity and specificity of chemoselective Surface Acoustic Wave vapor 
sensors, A variation of this technique, Pulsed Laser Assisted Surface Functionalization (PLASF) is 
preferably used to design compound specific biosensor coatings with increased sensitivity for the 
present invention. PLASF produces similar thin films for sensor applications with bound receptors or 
antibodies for biosensor applications. By providing improved SAW biosensor response by 
eliminating film imperfections induced by solvent evaporation and detecting molecular attachments 
to specific antibodies, high sensitivity and specificity is possible. 
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[0044] Certain extremely sensitive, commercial off-the-shelf (COTS) electronic noses 10, such as 
those provided by Cyrano Sciences, Inc. ("CSI") (e.g., CSI's Portable Electronic Nose and CSfs 
Nose-Chip integrated circuit for odor-sensing - U.S. Patent No. 5,945,069 ~ Figure 1), maybe used 
in the method of the present invention to monitor the exhaled breath from a patient. These devices 
offer minimal cycle time, can detect multiple odors, can work in almost any environment without 
special sample preparation or isolation conditions, and do not require advanced sensor design or 
cleansing between tests. 

[0045] In one embodiment, the device of the present invention may be designed so that patients can 
exhale via the mouth or nose directly into the device. 

[0046] Another preferred electronic nose technology of the present invention comprises an array of 
polymers, for example, 32 different polymers, each exposed to a substance. Each of the 32 
a individual polymers swells differently to the odor creating a change in the resistance of that 
; - membrane and generating an analog voltage in response to that specific substance ("signature"). The 
normalized change in resistance can then be transmitted to a processor to identify the type, quantity, 
and quality of the substance based on the pattern change in the sensor array. The unique response 
results in a distinct electrical fingerprint that is used to characterize the substance. The pattern of 
resistance changes of the array is diagnostic of the sample, while the amplitude of the pattern 
indicates the concentration of the sample. 

[0047] The responses of the electronic nose to specific substances can be M\y characterized using a 
combination of conventional gas sensor characterization techniques. For example, the sensor can be 
attached to a computer. The results can be displayed on the computer screen, stored, transmitted, etc. 
A data analyzer can compare a pattern of response to previously measured and characterized 
responses from known substances. The matching of those pattems can be performed using a number 
of techniques, including neural networks. By comparing the analog output from each of the 32 
polymers to a "blank" or control, for example, a neural network can establish a pattem that is unique 
to that substance and subsequently learns to recognize that substance. The particular resistor 
geometries are selected to optimize the desired response to the particular substance being sensed. 



HI 
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The sensor of the present invention is preferably a self-calibrating polymer system suitable for liquid 
or gas phase biological solutions for a variety of substances simultaneously. 
[0048] The sensor of the present invention might include integrated circuits (chips) manufactured in 
a modified vacuum chamber for Pulsed Laser Deposition of polymer coatings. It will operate the 
simultaneous thin-film deposition wave detection and obtain optimum conditions for high sensitivity 
of SAW sensors. The morphology and microstructure of biosensor coatings will be characterized as 
a function of process parameters. 

[0049] The sensor used in the present invention may be modified so that patients can exhale directly 
into the device. For example, a mouthpiece or nosepiece will be provided for interfacing a patient 
with the device to readily transmit the exhaled breath to the sensor (See, e.g., U.S. Patent No. 
5,042,50 1 ). The output from the neural network of the modified sensor should be similar when the 
same patient exhales directly into the device and when the exhaled gases are allowed to dry before 
they are sampled by the sensor. 

[0050] The himiidity in the exhaled gases represents a problem for certain electronic nose devices 
(albeit not SAW sensors) that only work with "dry" gases. When using such humidity sensitive 
devices, the present invention may adapt such electronic nose technology so that a patient can exhale 
directly into the device with a means to dehumidify the samples. This is accomplished by including 
a commercial dehumidifier or a heat moisture exchanger (HME), a device designed to prevent 
desiccation of the airway during ventilation with dry gases. Altematively, the patient may exhale 
through their nose which is an anatomical, physiological dehumidifier to prevent dehydration during 
normal respiration. Altematively, the sensor device can be fitted with a preconcentrator, which has 
some of the properties of a GC colunrn. The gas sample is routed through the preconcentrator before 
being passed over the sensor array. By heating and volatilizing the gases, humidity is removed and 
the compound being measured (analyte) can be separated from potential interferents. 
[0051] Preferably, in operation, the sensor will be used to identify a baseline spectrum for the patient 
prior to delivery, if necessary. This will prove beneficial for the detection of more than one drug if 
the patient receives more than one drug at a time and possible interference from different foods and 
odors in the stomach, mouth, esophagus and lungs. 
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[0052] Following are examples which illustrate procedures for practicing the invention. These 
examples should not be construed as limiting. All percentages are by weight and all solvent mixture 
proportions are by volume unless otherwise noted. 

Example I: Estimating the depth of intravenous propofol anesthesia by measurement of exhaled 
breath propofol vapor concentration 

[0053] The initial intravenous administration of propofol may be either in a bolus of 2 to 5 mg/ml or 
by a continuous infusion of 25 to 200 mcg/kg/min resulting in a plasma concentration in the 1 to 1 0 
mcg/ml range. The depth of anesthesia (or sedation) achieved depends on patient characteristics as 
well as the simultaneous use of other drugs such as opioids and nitrous oxide. 

[0054] For most administrations of propofol at anesthetic depth, the patient's ventilation occurs 

1 through a breathing circuit attached to the patient by an external face mask, a laryngeal mask airway 
n (LMA), or by a tube placed in the trachea. These examples of a closed circuit all facilitate positive 
ri pressure ventilation if needed, the administration of supplemental inhalation anestiiesia with nitrous 
^! oxide, and the monitoring of ventilatory adequacy by carbon dioxide measurement. In addition the 

closed breathing circuit permits side-stream sampling of exhaled breath which can be diverted to the 

2 propofol measurement sensor. For non-closed circuit propofol sedation administration, a sampling 
^ catheter at the nares or mouth may be used to sample propofol vapor. A simultaneous carbon 

3 dioxide measurement may assist in the interpretation of the adequacy of the sampling. 

ii { 

y 

[0055] The end-tidal portion of the exhaled breath is that fraction which has equilibrated with the 
blood returning from the systemic circulation to the lung. For the measurement methods cited below 
which allow multiple propofol vapor determinations per patient breath, the highest concentrations 
will be considered end-tidal propofol vapor concentrations. For slower analytical methods, the 
average exhaled concentrations will be used and corrected using end-tidal-to-average carbon dioxide 
concentration data. Altematively, sampling line pressures or carbon dioxide levels may be used to 
instantaneously define end-tidal gas and direct only this portion of the sample stream to the sensor. 

[0056] Within the clinical range, the blood level of propofol is directly related to the depth of 
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propofol anesthesia. The blood to end-tidal gradient of propofol is theoretically dependent on four 
features 1 ) the vascular-to-alveolar propofol vapor transfer, 2) the matching of puhnonary ventilation 
to perfusion, 3) the delivery of a mixed alveolar gas sample to the sampling site, and 4) 
instrumentation accuracy and precision. The vascular-to-alveolar transfer is expected to be stable 
and predictable due to the small quantities of propofol involved and its highly polar nature. 
Ventilation-perfusion mismatch should impact propofol measurements less than carbon dioxide 
measurements due to the comparatively slow time course of propofol blood level changes. Likewise, 
adequate mixing of the respiratory gas sample by the time it reaches the samphng site should not be a 
problem compared to carbon dioxide sampling. A calibrated pressurized gas canister of propofol 
vapor will facilitate automatic recalibration as often as required to maintain sensor accuracy. Due to 
the relatively slow change of propofol blood levels in clinical work, multiple determinations may be 
used to improve precision. 

[0057] The interpretation of the measured end-tidal propofol vapor concentration should emphasize 
two features: 1) the concentration itself relative to that likely to be required for the clinical scenario, 
and 2) trending of the propofol vapor concentration over time. The first feature, the magnitude of the 
concentration itself, may initially reflect incorrect dosing, extremes of age, altered protein binding, or 
other individual pharmacokinetic deviations. While a range of target propofol vapor concentrations 
may be expected, individual adjustment of a target level for the clinical scenario is required. 
Stimulating procedures such as endotracheal intubation, surgical incision, or movement of a 
fractured limb require a higher range than quiet sedation, anesthesia in a neurologically damaged 
patient, or anesthesia for a debilitated geriatric patient. The presence of opioids or other anesthetic 
agents such as nitrous oxide v^U also lower the target range of propofol vapor concentrations. 

[0058] The second major feature of the interpretation of end-tidal propofol vapor concentration is 
trending of the concentration over time. When satisfactory anesthesia is initially established and a 
propofol infusion is started, an excessive rate of propofol may be inadvertently administered and the 
blood level may increase well beyond what is necessary and prudent. If the clinical scenario permits 
a trial reduction of the infusion rate until the patient becomes reactive then an excessive 
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administration rate is ruled out. However, the danger of intraoperative movement in some cases, the 
simultaneous administration of paralytic agents, or the risk of intraoperative recall may prevent a trial 
reduction of what may appear to be an appropriate infusion rate. If one could be confident that 
accumulation of excess propofol in the blood was not occurring at a given rate of infusion as the 
administration progressed, trial infusion reductions would not be needed. Similarly, if the clearance 
of propofol m a given patient exceeded the infusion rate, sudden movement or wakefuhiess could be 
anticipated and avoided by increasing the infusion rate to maintain the current measured propofol 
level. 

Example II: Estimating the blood concentration of supplemental drugs administered during 
anesthesia and their concentration trends by measurement in exhaled breath. The opioids 
remifentanil and alfentanil are discussed as examples 

[0059] The intravenous administration of remifentanil may be either in a bolus of 0.05 to 1 mcg/kg 
or by a continuous infiision of 0.0125 to 2 mcg/kg/min resulting in a plasma concentration in the 0.5 
to 50 ng/ml range. Similarly, alfentanil, a related opioid, may be administered either in a bolus of 1 0 
to 300 mcg/kg or by a continuous infusion of 0.1 to 15 mcg/kg/min resulting in a plasma 
concentration in the 10 to 500 ng/ml range. For both drugs the effect achieved depends on the 
dosage, individual patient characteristics, and the simultaneous administration of other drugs. The 
wide dosage ranges are a result of a wide range of desired effects; from analgesia during conscious 
sedation to deep general anesthesia when given to supplement a small dose of a hypnotic agent. 

[0060] When remifentanil or alfentanil are administered during unconscious sedation or general 
anesthesia, the patient's ventilation occurs through a breathing circuit attached to the patient by an 
extemal face mask, a laryngeal mask airway (LMA), or by a tube placed in the trachea. These 
examples of a closed circuit all facilitate positive pressure ventilation due to the respiratory 
depressive effects of opioids, the administration of inhalation anesthetics and oxygen, and the 
monitoring of ventilatory adequacy by carbon dioxide measurement. In addition the closed breathing 
circuit permits side-stream sampling of exhaled breath which can be diverted to the remifentanil or 
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alfentanil measurement sensor. For non-closed circuit remifentanil or alfentanil analgesia 
administration (usually during conscious sedation), a sampling catheter at the nares or mouth may be 
used to sample exhaled vapor. A simultaneous carbon dioxide measurement may assist in the 
interpretation of the adequacy of the sampling. 

[0061] The end-tidal portion of the exhaled breath is that fraction which has equilibrated with the 
blood returning from the systemic circulation to the lung. For the measurement methods cited below 
which allow multiple remifentanil or alfentanil vapor determinations per patient breath, the highest 
concentrations will be considered end-tidal vapor concentrations. For slower analytical methods, the 
average exhaled concentrations will be used and corrected using end-tidal-to-average carbon dioxide 
concentration data. Altematively, sampling line pressures or carbon dioxide concentrations may be 
used to instantaneously define end-tidal gas and direct only this portion of the sample stream to the 
l3 sensor. 

in [0062] Within the clinical range, the blood concentration of the opioids remifentanil and alfentanil 
ffi are directly related to their pharmacodynamic effects. The blood to end-tidal gradient of remifentanil 
'Z and alfentanil is theoretically dependent on four features 1) the vascular-to-alveolar transfer of the 
^ drug, 2) the matching of pulmonary ventilation to perftision, 3) the delivery of a mixed alveolar gas 
sample to the sampling site, and 4) instrumentation accuracy and precision. The vascular-to-alveolar 
i;! transfer is expected to be stable and predictable due to the small quantities of remifentanil or 
?3 alfentanil involved and its highly polar nature. Ventilation-perfusion mismatch should impact 
measurements less than carbon dioxide measurements due to the comparatively slow time course of 
remifentanil and alfentanil blood concentration changes. Likewise, adequate mixing of the 
respiratory gas sample by the time it reaches the sampling site should not be a problem compared to 
carbon dioxide sampling. A calibrated pressurized gas canister of the drug vapor will facilitate 
automatic recalibration as often as required to maintain sensor accuracy. Due to the relatively slow 
change of blood concentration of these opioids in clinical work, multiple determinations may be 
used to improve precision. 

[0063] The interpretation of the measured end-tidal opioid vapor concentration should emphasize 
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two features: 1 ) the concentration itself relative to that likely to be required for the clinical scenario 
(in the nanograms per mL of plasma range), and 2) trending of the opioid vapor concentration over 
time. The first feature, the magnitude of the concentration itself, may initially reflect incorrect 
dosing, extremes of age, altered protein binding, or other individual pharmacokinetic deviations. 
While a range of target opioid vapor concentrations may be expected, individual adjustment of a 
target concentration for the clinical scenario is required. Pharmacologic tolerance and the v^dely 
ranging intensity of painful surgical stimuli will alter concentration requkements greatly. The 
presence of other anesthetic agents such as inhalation anesthetics or regional anesthesia will lower 
the target range of opioid vapor concentrations. 

[0064] The second major feature of the interpretation of end-tidal opioid vapor concentration is 
trending of the concentration over time. After a satisfactory opioid effect is initially established with 
bolus injections of the remifentanil or alfentanil and a remifentanil or alfentanil infusion is 
subsequently started, an excessive rate of infusion or drug interactions or low drug metabolism may 
occur and the blood concentrations may increase well beyond what is necessary and prudent. If the 
clinical scenario permits a trial reduction of the infusion rate until the patients condition indicates 
inadequate dosing then an excessive administration rate is ruled out. However, the danger of 
intraoperative movement in some cases, the simultaneous administration of paralytic agents, or the 
risk of light anesthesia with intraoperative recall may prevent a trial reduction from what may appear 
to be an appropriate infusion rate. If one could be confident that accumulation of excess opioids in 
the blood as reflected in the exhaled breath measurement was not occurring as the administration 
progressed at a given rate of infusion, trial infusion reductions would not be needed. Similarly, if the 
clearance of remifentanil or alfentanil in a given patient exceeded the infusion rate, sudden 
movement or signs of inadequate anesthesia could be anticipated and avoided by increasing the 
infusion rate to maintain the current measured opioid vapor concentration. 

[0065] In addition to the rapidly acting opioids remifentanil and alfentanil discussed above, similar 
exhaled vapor assessment of fentanyl and sufentanil may be clinically useful as an indirect indicator 
of blood concentrations. Other non-opioid intravenous anesthetics and anesthetic adjuncts such as 
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etomidate, ketamine, and barbiturates (particularly those of short-duration) may also be administered 
more precisely and safely with monitoring of their exhaled vapor concentrations as a non-invasive 
rapid estimate of their blood concentration. 

Example III: Measuring Endogenous and Exogenous Compounds such as. Ketones and Ammonia in 
Exhaled Breath 

[0066] Normally, the exhaled breath of a person contains water vapor, carbon dioxide, oxygen, and 
nitrogen, and trace concentrations of carbon monoxide, hydrogen and argon, all of which are 
odorless. A common medical problem is halitosis, which is usually caused by the breakdown of food 
by bacteria producing odorants such as hydrogen sulfide, methyl mercaptan, dimethyl disulphide, 
indole and others. The sensor technology described herein may be used as a sensitive detector for 
these odorants and for the diagnosis of tooth decay, gum disease or a variety of oral, pulmonary and 
sinus conditions. 

[0067] Other vapor phase compounds include acetone, which is present in diabetics who are in 
ketoacidosis, ammonia, which is present in patients with liver disease and a variety of odorants 
which are present in cases of lungs, stomach, gallbladder and kidney dysfunction. Exhaled breath 
sensing of these compounds may be a highly sensitive method of diagnosing and following the 
course of treatment of these diseases. The potential for evaluating exhaled breath for markers of 
carcinoma is being actively explored, and the sensor technology may play a role in this area as well 
[0068] One particularly valuable non-invasive test that is based on exhaled breath detection, is the 
test for Helicobacter pylori, the bacterium responsible for stomach ulcers. Subjects are given a 75mg 
dose of urea tagged with carbon isotopes to drink and the exhaled breath is evaluated for tagged 
carbon dioxide. Helicobacter pylori secretes the enzyme urease to protect the organism from the 
acidity of the stomach. The urease breaks down the tagged urea to ammonia and carbon dioxide. 
While conventional tests measure the tagged carbon dioxide, they are time consuming and 
expensive. The sensor technology could be used to measure ammonia in the breath quickly and 
cheaply and alleviate the need to use a radiolabel compound. 
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[0069] Other non-invasive tests for the detection of other pathologic organisms is the gastrointestinal 
tract and in body fluids can be developed that take advantage of the sensor technology. 

Example IV: Selection of Sensors 

[0070] The following are examples of various sensor technologies that may be utilized in practicing 
the method of the present invention: 

Conducting Polymers 

[0071] Conducting polymer sensors promise fast response time, low cost, and good sensitivity and 
selectivity. The technology is relatively simple in concept. A conductive material, such as carbon, is 
homogeneously blended in a specific non-conducting polymer and deposited as a thin fihn on an 
aluminum oxide substrate. The films lie across two electrical leads, creating a chemoresistor. As the 
polymer is subjected to various chemical vapors, it expands, increasing the distance between carbon 
particles, and thereby increasing the resistance. The polymer matrix swells because analyte vapor 
absorbs into the film to an extent determined by the partition coefficient of the analyte. The partition 
coefficient defines the equilibrium distribution of an analyte between the vapor phase and the 
condensed phase at a specified temperature. Each individual detector element requires a minimimi 
absorbed amount of analyte to cause a response noticeable above the baseline noise. Selectivity to 
different vapors is accomplished by changing the chemical composition of the polymer. This allows 
each sensor to be tailored to specific chemical vapors. Therefore, for most applications an array of 
orthogonal responding sensors is required to improve selectivity. Regardless of the number of 
sensors in the array, the information from them must be processed with pattem recognition software 
to correctly identify the chemical vapors of interest. Sensitivity concentration are reportedly good 
(tens of ppm). The technology is very portable (small and low power consumption), relatively fast in 
response time (less than 1 minute), low cost, and should be rugged and reliable 

Electrochemical Sensors 

[0072] Electrochemical sensors rely on an irreversible chemical reaction to measure. They contain an 
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electrolyte that reacts with a specific gas, producing an output signal that is proportional to the 
amount of gas present. Electrochemical sensors exist for gases such as chlorine, carbon monoxide, 
hydrogen sulfide, and hydrogen, but cannot be used to measure hydrocarbons. The number of gases 
that can be detected using this technology is relatively small, but is increasing from year to year. 

[0073] Electrochemical sensors are excellent for detecting low parts-per-million concentrations. 
They are also rugged, draw little power, linear and do not require significant support electronics or 
vapor handling (pumps, valves, etc.) They are moderate in cost ($50 to $200 in low volumes) and 
small in size. 

Gas Chromatography / Mass Spectroscopy (GC/MS) 

[0074] Gas Chromatography/Mass Spectroscopy (GC/MS) is actually a combination of two 
technologies. One technology separates the chemical components (GC) while the other one detects 
them (MS). Technically, gas chromatography is the physical separation of two or more compounds 
based on their differential distribution between two phases, the mobile phase and stationary phase. 
The mobile phase is a carrier gas that moves a vaporized sample through a column coated with a 
stationary phase where separation takes place. When a separated sample component elutes from the 
column, a detector converts the column eluent to an electrical signal that is measured and recorded. 
The signal is recorded as a peak in the chromatogram plot. Chromatograph peaks can be identified 
from their corresponding retention times. The retention time is measured from the time of sample 
injection to the time of the peak maximum, and is unaffected by the presence of other sample 
components. Retention times can range from seconds to hours, depending on the column selected 
and the component. The height of the peak relates to the concentration of a component in the sample 
mixture. 

[0075] After separation, the chemical components need to be detected. Mass spectroscopy is one 
such detection method, which bombards the separated sample component molecules with an electron 
beam as they elute from the column. This causes the molecules to lose an electron and form ions 
with a positive charge. Some of the bonds holding the molecule together are broken in the process. 
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and the resulting fragments may rearrange or break up further to form more stable fragments. A 
given compound will ionize, fragment, and rearrange reproducibly under a given set of conditions. 
This makes identification of the molecules possible. A mass spectrum is a plot showing the 
mass/charge ratio versus abundance data for ions from the sample molecule and its fragments. This 
ratio is normally equal to the mass for that fragment. The largest peak in the spectrum is the base 
peak. The GC/MS is accurate, selective and sensitive. 



Infrared Spectroscopv (FTIR, NDIR) 

[0076] Infrared (IR) spectroscopy is one of the most common spectroscopic techniques used by 
organic and inorganic chemists. Simply, it is the absorption measurement of different IR frequencies 
by a sample positioned in the path of an IR beam. IR radiation spans a wide section of the 
electromagnetic spectrum having wavelengths from 0.78 to 1000 micrometers (microns). Generally, 
IR absorption is represented by its wave number, which is the inverse of its wavelength times 
10,000. For a given sample to be detected using IR spectroscopy, the sample molecule must be 
active in the IR region, meaning that the molecule must vibrate when exposed to IR radiation. 
Several reference books are available which contain this data, including the Handbook of Chemistry 
and Physics from the CRC Press. 

[0077] There are two general classes of IR spectrometers - dispersive and non-dispersive. In a 
typical dispersive IR spectrometer, radiation from a broadband source passes through the sample and 
is dispersed by a monochromator into component frequencies. The beams then fall on a detector, 
typically a thermal or photon detector, which generates an electrical signal for analysis. Fourier 
Transform IR spectrometers (FTIR) have replaced the dispersive IR spectrometer due to their 
superior speed and sensitivity. FTIR eliminates the physical separation of optical component 
frequencies by using a moving mirror Michelson interferometer and taking the Fourier transform of 
the signal. 

[0078] Conversely, in the non-dispersive IR (NDIR) spectrometer, instead of sourcing a broad IR 
spectrum for analyzing a range of sample gases, the NDIR sources a specific wavelength which 
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corresponds to the absorption wavelength of the target sample. This is accomplished by utilizing a 
relatively broad IR source and using spectral filters to restrict the emission to tiie wavelength of 
interest. For example, NDIR is frequently used to measure carbon monoxide (CO), which absorbs 
IR energy at a wavelength of 4.67 microns. By carefully tuning the IR source and detector during 
design, a high volume production CO sensor is manufactured. This is particularly impressive, as 
carbon dioxide is a common interferent and has an IR absorption wavelength of 4.26 microns, which 
is very close to that of CO. 

[0079] NDIR sensors promise low cost (less than $200), no recurring costs, good sensitivity and 
selectivity, no calibration and high reliability. They are small, draw little power and respond quickly 
(less than 1 minute). Warm up time is nominal (less than 5 minutes). Unfortunately, they only 
detect one target gas. To detect more gases additional spectral fihers and detectors are required, as 
C3 well as additional optics to direct the broadband IR source. 

f-i 

•s:? i 

Ion Mobility Spectrometry (IMS) 

[n [0080] Ion Mobility Spectrometry (IMS) separates ionized molecular samples on the basis of then* 
L. transition times when subjected to an electric field in a tube. As the sample is drawn into the 
instrument, it is ionized by a weak radioactive source. The ionized molecules drift through the cell 
n\ under the influence of an electric field. An electronic shutter grid allows periodic introduction of the 
^^f'! ions into the drift tube where they separate based on charge, mass, and shape. Smaller ions move 
faster than larger ions through the drift tube and arrive at the detector sooner. The amplified current 
from the detector is measured as a function of time and a spectrum is generated. A microprocessor 
evaluates the spectrum for the target compound, and determines the concentration based on the peak 
height. 

[0081] IMS is an extremely fast method and allows near real time analysis. It is also very sensitive, 
and should be able to measure all the analytes of interest. IMS is moderate in cost (several thousand 
dollars) and larger in size and power consumption. 
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Metal Oxide Semiconductor (MPS) Sensors 

[0082] Metal Oxide Semiconductor (MOS) sensors utilize a semiconducting metal-oxide crystal, 
typically tin-oxide, as the sensing material. The metal-oxide crystal is heated to approximately 400 
°C, at which point the surface adsorbs oxygen. Donor electrons in the crystal transfer to the adsorbed 
oxygen, leaving a positive charge in the space charge region. Thus, a surface potential is formed, 
v^hich increases the sensor's resistance. Exposing the sensor to deoxidizing, or reducing, gases 
removes the surface potential, which lowers the resistance. The end result is a sensor which changes 
its electrical resistance with exposure to deoxidizing gases. The change in resistance is 
approximately logarithmic. 

[0083] MOS sensors have the advantage of being extremely low cost (less than $8 in low volume) 
with a fast analysis time (milliseconds to seconds). They have long operating Ufetimes (greater than 
five years) with no reported shelf life issues. 

Photo-Ionization Detectors (PIP) 

[0084] Photo-Ionization Detectors rely on the fact that all elements and chemicals can be ionized. 
The energy required to displace an electron and 'ionize' a gas is called its Ionization Potential (IP), 
measured in electron volts (eV). A PID uses an ultraviolet (UV) light source to ionize the gas. The 
energy of the UV light source must be at least as great as the IP of the sample gas. For example, 
benzene has an IP of 9.24 eV, while carbon monoxide has an IP of 1 4.01 eV. For the PID to detect 
the benzene, the UV lamp must have at least 9.24 eV of energy. If the lamp has an energy of 1 5 eV, 
both the benzene and the carbon monoxide would be ionized. Once ionized, the detector measures 
the charge and converts the signal information into a displayed concentration. Unfortunately, the 
display does not differentiate between the two gases, and simply reads the total concentration of both 
summed together. 
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[0085] Three UV lamp energies are commonly available: 9.8, 10.6 and 1 1.7 eV. Some selectivity 
can be achieved by selecting the lowest energy lamp while still having enough energy to ionize the 
gases of interest. The largest group of compounds measured by a PID are the organics (compounds 
containing carbon), and they can typically be measured to parts per million (ppm) concentrations. 
PIDs do not measure any gases with an IP greater than 1 1.7 eV, such as nitrogen, oxygen, carbon 
dioxide and water vapor. The CRC Press Handbook of Chemistry and Physics includes a table 
listing the IPs for various gases. 

[0086] PIDs are sensitive (low ppm), low cost, fast responding, portable detectors. They also 
consume little power. 

Surface Acoustic Wave Sensors (SAW) 

^ [0087] Surface Acoustic Wave (SAW) sensors are constructed with interdigitated metal electrodes 
ifi fabricated on piezoelectric substrates both to generate and to detect surface acoustic waves. Surface 
?f I acoustic waves are waves that have their maximum amplitude at the surface and whose energy is 
nearly all contained within 15 to 20 wavelengths of the surface. Because the amplitude is a 
maximum at the surface such devices are very surface sensitive. Normally, SAW devices are used as 
il^ electronic bandpass filters in cell phones. They are hermetically packaged to insure that their 
^ performance will not change due to a substance contacting the surface of the SAW die. 
O [0088] SAW chemical sensors take advantage of this surface sensitivity to function as sensors. To 
increase specificity for specific compounds, SAW devices are frequently coated with a thin polymer 
film that will affect the frequency and insertion loss of the device in a predictable and reproducible 
manner. Each sensor in a sensor array is coated with a different polymer and the number and type of 
polymer coating are selected based on the chemical to be detected. If the device with the polymer 
coating is then subjected to chemical vapors that absorb into the polymer material, then the 
frequency and insertion loss of the device will ftirther change. It is this final change that allows the 
device to function as a chemical sensor. 
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[0089] If several SAW devices are each coated with a different polymer material, the response to a 
given chemical vapor will vary from device to device. The polymer films are normally chosen so 
that each will have a different chemical affinity for a variety of organic chemical classes, that is, 
hydrocarbon, alcohol, ketone, oxygenated, chlorinated, and nitrogenated. If the polymer films are 
properly chosen, each chemical vapor of interest will have a unique overall effect on the set of 
devices. SAW chemical sensors are usefiil in the range of organic compounds from hexane on the 
light, volatile extreme to semi-volatile compounds on the heavy, low volatility extreme. 
[0090] Motors, pumps and valves are used to bring the sample into and through the array. The 
sensitivity of the system can be enhanced for low vapor concentrations by having the option of using 
a chemical preconcentrator before the array. In operation, the preconcentrator absorbs the test vapors 
for a period of time and is then heated to release the vapors over a much shorter time span thereby 
increasing the effective concentration of the vapor at the array. The system uses some type of drive 
and detection electronics for the array. An on board microprocessor is used to control the sequences 
of the system and provide the computational power to interpret and analyze data from the array. 
[0091] SAW sensors are reasonably priced (less than $200) and have good sensitivity (tens of ppm) 
with very good selectivity. They are portable, robust and consume nominal power. They warm up in 
less than two minutes and require less than one minute for most analysis. They are typically not used 
in high accuracy quantitative applications, and thus require no calibration. SAW sensors do not drift 
over time, have a long operating life (greater than five years) and have no known shelf life issues. 
They are sensitive to moisture, but this is addressed with the use of a thermally desorbed 
concentrator and processing algorithms. 

[0092] It should be understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will be suggested 
to persons skilled in the art and are to be included within the spirit and purview of this application 
and the scope of the appended claims. 
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